Isavuconazole is a novel broad-spectrum triazole antifungal agent. This open-label dose escalation study assessed the safety and pharmacokinetics of intravenous isavuconazole prophylaxis in patients with acute myeloid leukemia who had undergone chemotherapy and had preexisting/expected neutropenia. Twenty-four patients were enrolled, and 20 patients completed the study. The patients in the low-dose cohort (n ‫؍‬ 11) received isavuconazole loading doses on day 1 (400/200/200 mg, 6 h apart) and day 2 (200/200 mg, 12 h apart), followed by once-daily maintenance dosing (200 mg) on days 3 to 28. The loading and maintenance doses were doubled in the high-dose cohort (n ‫؍‬ 12). The mean ؎ standard deviation plasma isavuconazole areas under the concentration-time curves for the dosing period on day 7 were 60.1 ؎ 22.3 g · h/ml and 113.1 ؎ 19.6 g · h/ml for the patients in the low-dose and high-dose cohorts, respectively. The adverse events in five patients in the low-dose cohort and in eight patients in the high-dose cohort were considered to be drug related. Most were mild to moderate in severity, and the most common adverse events were headache and rash (n ‫؍‬ 3 each). One patient in the high-dose cohort experienced a serious adverse event (unrelated to isavuconazole treatment), and two patients each in the low-dose and high-dose cohorts discontinued the study due to adverse events. Of the 20 patients who completed the study, 18 were classified as a treatment success. In summary, the results of this analysis support the safety and tolerability of isavuconazole administered at 200 mg and 400 mg once-daily as prophylaxis in immunosuppressed patients at high risk of fungal infections. (This study is registered at ClinicalTrials.gov under registration number NCT00413439.) I nvasive fungal infections (IFIs) are associated with significant morbidity, mortality, and health care costs in patients with hematologic malignancies (1, 2). Allogeneic hematopoietic stem cell transplantation and chemotherapy-associated neutropenia place patients with acute myeloid leukemia (AML) at risk of developing an IFI (3). Aspergillus spp. and Candida spp. are the predominant IFI pathogens in patients with acute leukemia (1, 3, 4) . However, other molds, such as the Mucorales, Scedosporium spp., and Fusarium spp., are emerging as pathogens in this setting and are associated with high mortality rates (1).
I
nvasive fungal infections (IFIs) are associated with significant morbidity, mortality, and health care costs in patients with hematologic malignancies (1, 2) . Allogeneic hematopoietic stem cell transplantation and chemotherapy-associated neutropenia place patients with acute myeloid leukemia (AML) at risk of developing an IFI (3) . Aspergillus spp. and Candida spp. are the predominant IFI pathogens in patients with acute leukemia (1, 3, 4) . However, other molds, such as the Mucorales, Scedosporium spp., and Fusarium spp., are emerging as pathogens in this setting and are associated with high mortality rates (1) .
Because IFIs are often difficult to diagnose, and delays in treatment can significantly increase the risk of mortality (5, 6) , antifungal prophylaxis has become a commonly used strategy in patients at high risk of IFIs (7, 8) . Fluconazole, itraconazole, posaconazole, voriconazole, and micafungin are recommended for prophylactic use in patients with hematologic malignancies (9, 10) . Although the results of randomized clinical trials support the prophylactic benefits of these agents (7, 8, 11) , each may be limited in their use: fluconazole has no activity against molds (12) ; posaconazole demonstrates broad-spectrum activity against both yeasts and molds (13) , but optimal absorption of the oral suspension of posaconazole is dependent on administration with a high-fat meal (however, the delayed-release tablets have improved bioavailability) (14) ; voriconazole is as effective as fluconazole in preventing IFIs (15) but has been associated with breakthrough mucormycosis and a high incidence of side effects (16, 17) ; itraconazole tablets have variable bioavailability, and its oral suspension has poor tolerability (18) ; and micafungin is available only as an intravenous (i.v.) formulation and has no activity against the Mucorales or Fusarium species (19) .
Isavuconazole is a novel triazole antifungal being developed for the treatment of invasive candidiasis, aspergillosis, and emerging mold infections. Available in both i.v. and oral formulations, isavuconazole is the active antifungal component of isavuconazonium sulfate, a water-soluble prodrug that is rapidly and almost completely (Ͼ99%) converted to isavuconazole via plasma esterases (20) . The results of in vitro and animal model studies have shown that isavuconazole is active against Candida spp. (both fluconazole-sensitive and fluconazole-resistant strains), Aspergillus spp., Cryptococcus spp., and other molds, including the Mucorales and Scedosporium species (21) (22) (23) (24) (25) (26) (27) (28) .
This open-label, sequential-cohort, phase 2 study was designed to assess the safety and tolerability of isavuconazole as a prophylactic agent in neutropenic patients who had undergone chemotherapy for AML. The pharmacokinetics (PK) and efficacy of isavuconazole in prophylaxis were also assessed.
MATERIALS AND METHODS
Patients. Patients Ն18 years of age who were diagnosed with AML, entering first induction treatment or subsequent chemotherapy, had not experienced a prior IFI (29) , and were expected to have preexisting or chemotherapy-induced neutropenia (absolute neutrophil count [ANC], Ͻ500/ mm 3 ) for Ն10 days and Ͻ28 days after enrollment were eligible for inclusion in the study. The exclusion criteria comprised the use of any systemic antifungal therapy for Ͼ72 h during the 5-day screening period, receipt of any systemic antifungal therapy for proven or probable fungal infection in the previous 12 months, fever (central body temperature, Ͼ38°C), pregnancy or breastfeeding, known hypersensitivity to azoles or any component of the study medication, or concomitant use of rifampin, rifabutin, ergot alkaloids, terfenadine, astemizole, cisapride, pimozide, quinidine, long-acting barbiturates, neostigmine, or carbamazepine. Patients were also excluded if they had a concomitant medical condition that in the opinion of the investigator posed an unacceptable risk to the patient, had received any investigational treatment within the 30 days preceding the administration of the study medication, had other or additional medical reasons for neutropenia or immunosuppression, or demonstrated hepatic or renal dysfunction (i.e., total bilirubin, Ͼ3 times the upper limit of normal [ULN]; alanine aminotransferase or aspartate aminotransferase level, Ͼ5 times the ULN; calculated creatinine clearance, Ͻ50 ml/min; or history of oliguria [Ͻ20 ml/h] that was unresponsive to fluid challenge).
Study design.
This was an open-label, multicenter, sequential-cohort, phase 2, dose escalation study conducted at four sites in Germany between June 2006 and April 2007 (registered at ClinicalTrials.gov under registration number NCT00413439). Each patient was screened during a 5-day period before the initiation of study treatment (days Ϫ5 to Ϫ1) to ensure that the eligibility criteria were met and to collect baseline demographic and clinical data. Intravenous dosing of the prodrug was initiated, at the earliest, 24 h after the last chemotherapy dose, and it was continued until 48 h after neutropenia resolved (ANC, Ͼ500/mm 3 ), with a treatment limit of 28 days. The patients attended follow-up visits at 14 and 35 days after the last dose of isavuconazole. The prodrug isavuconazonium sulfate was administered to all patients; the doses of the prodrug are expressed in mg equivalents of the active drug isavuconazole.
The data from healthy volunteers were the basis for dose selection. Isavuconazole has potent activity in vitro against Candida spp. (MIC 50 , Ͻ0.008 g/ml) and Aspergillus spp. (MIC, Ͻ2 g/ml). The doses were selected to achieve near-steady-state plasma isavuconazole levels within 3 to 4 days of treatment initiation that were higher than these concentrations. The anticipated mean maximum isavuconazole concentration in plasma (C max ) was Ͻ10 g/ml, and the anticipated trough levels were 1.5 to 4 g/ml.
The patients in the low-dose cohort received three i.v. loading doses of isavuconazole at 400 mg, 200 mg, and 200 mg on day 1 (each infusion administered over 4 h, at equal intervals), followed by further loading doses of i.v. isavuconazole at 200 mg twice daily on day 2 (each infusion administered over 2 h, with 10 h between infusions), and then a once-daily maintenance dose of i.v. isavuconazole at 200 mg (administered over 2 h) from day 3 to the end of treatment.
The patients in the high-dose cohort received doses that were 2-fold higher than those used in the low-dose cohort, i.e., 800 mg/400 mg/400 mg on day 1, 400 mg twice daily on day 2, and 400 mg once daily from day 3 to the end of treatment. The infusion rates were adjusted in the highdose cohort to ensure that isavuconazole was administered according to the same time schedule used in the patients in the low-dose cohort. An option for oral dosing was also available (8/4/4 capsules [100 mg each] on day 1, 4 capsules twice daily on day 2, and 4 capsules once daily from day 3 to the end of treatment).
Cohort testing was conducted sequentially: the study began with the low-dose cohort, followed by the high-dose cohort. Initiation of the study in the high-dose cohort was permitted only if all of the following conditions were met in the low-dose cohort during study treatment: at least nine patients were enrolled, at least six of whom received Ն9 days of therapy, and no dose-limiting toxicity was observed. Dose-limiting toxicity was defined as at least three patients at the same dose level reporting the same drug-related adverse event (AE) of grade 3 (severe) or higher, severe QT prolongation in at least one patient (QTc, Ͼ500 ms; or change from baseline of Ͼ60 ms), unexplained electrocardiogram (ECG) abnormality in at least two patients, and liver function test increases of Ͼ3 times the ULN, with a plausible temporal association in at least two patients.
Follow-up visits were scheduled for patients in both cohorts at 14 and 35 days after the end of isavuconazole treatment. The patients who prematurely discontinued the study treatment were allowed to continue to participate in the study, i.e., attend the remaining scheduled visits and undergo prespecified testing procedures.
The study protocol was approved by the independent ethics committee at each participating study site, and each patient provided written informed consent before participating in the study. The study was conducted in compliance with the International Conference on Harmonisation, good clinical practice guidelines, the Declaration of Helsinki, and local regulations.
Pharmacokinetic analyses. In both cohorts, serial blood samples were collected to determine isavuconazole plasma concentrations at 12 h after the start of treatment (C 12 ), the maximum plasma concentration (C max ), and the area under the plasma concentration-time curve from time zero to 24 h after the initiation of isavuconazole administration (AUC 0 -24 ) on days 1 (predose and at 4, 6, 12, and 24 h after the start of the first infusion) and 7 (predose and at 2, 3, 4, 6, 12, and 24 h after the start of infusion). Isavuconazole plasma trough levels (C min ) were determined using blood samples collected predose on days 2, 3, 5, 7, 8, 14, and 21 and at the end of treatment.
Isavuconazole plasma concentrations were determined using a validated liquid chromatography-mass spectroscopy assay, with C 12 , C max , and AUC 0 -24 derived via noncompartmental analysis using WinNonlin Professional (version 5.1b; Pharsight Corporation, Mountain View, CA) and the actual blood sampling time.
Safety and tolerability analyses. Safety and tolerability were assessed in both patient cohorts via AE monitoring, laboratory testing, 12-lead ECG testing, clinical symptoms, vital sign measurements, and physical examinations.
An AE was defined as any untoward medical occurrence that did not necessarily have a causal relationship with the treatment in a patient administered a study drug. All AEs were recorded and graded on a 4-point scale (1, mild; 2, moderate; 3, severe; 4, life-threatening), as per the Common Terminology Criteria for Adverse Events guidelines (30) . Infections and related microbiology findings were described as AEs.
Treatment-emergent AEs (TEAEs) were defined as all events occurring after the first treatment administration and up to 28 days posttreatment. Serious AEs (SAEs) were defined as AEs that resulted in death, were life-threatening, required inpatient hospitalization or prolongation of existing hospitalization, or resulted in persistent or significant disability/ incapacity. AEs were monitored throughout the study.
Routine clinical laboratory assessments of hematology, biochemistry, and urinalysis were performed at screening, on days 7, 14, and 21, at the end of treatment, and at the follow-up visits if abnormalities were observed at the end of treatment. Additional standard biochemistry assessments for safety were also performed on days 3 and 5. Serum pregnancy testing was performed at screening, at the end of treatment, and at the final follow-up visit.
Twelve-lead ECG testing was performed predose on day 1 and within 15 min of completing each infusion on days 1, 2, and 3, at the end of treatment, and at follow-up. The 24-h Holter ECG test was conducted at screening and on days 1, 2, and 7.
Vital sign measurements and physical examinations were conducted at screening, on days 1, 2, 3, 5, 7, 14, and 21, and at the end of treatment. Vital signs were measured predose and at the end of study drug infusion during each of these scheduled visits.
Efficacy analyses. Efficacy was assessed in each patient cohort via the rates of treatment success versus failure. Treatment success was defined as the absence of breakthrough fungal infections and the lack of need for other systemic antifungal therapy during the study. Treatment failure was defined as the occurrence of a probable or proven breakthrough fungal infection or as the need for another systemic antifungal therapy before the end of isavuconazole treatment due to possible fungal infection. Proven and probable infections were defined according to the consensus criteria of the European Organization for Research and Treatment of Cancer/Invasive Fungal Infections Cooperative Group and the National Institute of Allergy and Infectious Diseases Mycoses Study Group (29) . A possible fungal infection was based on evidence of lung infiltrates via a high-resolution computerized tomography scan, persistent fever (Ͼ72 h), or any other condition requiring additional systemic antifungal therapy. Patients who were classified as treatment failures were treated with alternative antifungal therapy, according to local standards.
Statistical analyses.
This was an exploratory study that was not statistically powered. The study protocol required that at least nine patients be enrolled in each cohort. The patients who received Ն1 dose of isavuconazole were eligible for inclusion in the safety, tolerability, and efficacy analyses. The patients who received Ն1 dose of isavuconazole and whose PK data were adequate for the calculation of at least one PK parameter were included in the PK analyses.
Patient demographics and baseline characteristics were summarized using descriptive statistics, as were safety, tolerability, and efficacy outcomes and isavuconazole plasma concentrations at prespecified time points.
The dose proportionality of the isavuconazole C max and AUC 0 -24 parameters was evaluated using a one-way analysis of variance model in which the factor dose was applied to logarithmically transformed and dose-normalized values of C max and AUC 0 -24 . The ratios of C max and AUC 0 -24 geometric means (calculated as the ratio of the high-dose cohort to the low-dose cohort) and the corresponding 95% confidence intervals (CIs) were obtained from this model; dose proportionality was concluded if the 95% CIs for C max and AUC 0 -24 geometric mean ratios fell entirely within the 80% to 125% CI acceptance range.
RESULTS

Patients.
A total of 24 inpatients (12 in each cohort) were enrolled in the study. Eleven of the 12 patients in the low-dose cohort and all 12 patients in the high-dose cohort received Ն1 dose of the study drug; these patients comprised the safety population. Baseline demographic and clinical characteristics were generally similar in the two cohorts (Table 1) .
Six (50%) patients in the low-dose cohort and eight (66.7%) patients in the high-dose cohort safety population completed the study treatment (Fig. 1) . The reasons for treatment and study discontinuation included the withdrawal of consent, hypersensitivity, and infusion-related reactions (Table 2) .
Pharmacokinetics. Twenty-one and 18 patients were evaluable for PK analyses on days 1 and 7, respectively. The mean isavuconazole plasma concentration-versus-time profiles for both isavuconazole dose cohorts on days 1 and 7 are shown in Fig. 2 . Mean isavuconazole C 12 values of 1.5 and 2.5 g/ml were obtained 
FIG 1 Patient flow diagram.
Two patients in the low-dose cohort and four patients in the high-dose cohort prematurely discontinued study treatment but completed the study (i.e., attended remaining scheduled visits and underwent prespecified testing procedures). The study began with 12 patients (of the 24 enrolled) in the low-dose cohort, followed by a second set of 12 patients in the high-dose cohort; none of the 12 patients in the high-dose cohort had participated in the low-dose phase of the study.
in the low-dose and high-dose cohorts, respectively, following the initial loading dose on day 1 ( Table 3) . The mean isavuconazole C max and AUC 0 -24 values on day 7 are listed in Table 3 . Interpatient variability was relatively low on day 7 (steady state) for C max (27.9% for the 200-mg dose and 35.6% for the 400-mg dose) and AUC 0 -24 (37.2% for the 200-mg dose and 17.3% for the 400-mg dose).
On day 7, the geometric least-squares mean ratios for C max and AUC 0 -24 were 106.6% and 97.7%, respectively. The 95% CI of the ratio of isavuconazole dose-normalized geometric mean C max (81.7, 139.2) and AUC 0 -24 (78.5, 121.8) values were slightly outside the predefined acceptance range of 80% to 125%.
Safety and tolerability. (i) Adverse events.
A total of 77 TEAEs were reported for 10 (90.9%) patients in the low-dose cohort compared with 120 TEAEs in 12 (100%) patients in the highdose cohort. The most commonly reported TEAEs were fever (n ϭ 6 [54.5%]), diarrhea (n ϭ 4 [36.4%]), and rash (n ϭ 4 [36.4%]) in the low-dose cohort, compared with fever (n ϭ 12 [100%]) and nausea (n ϭ 8 [66.7%]) in the high-dose cohort. The majority of the TEAEs reported in both cohorts were of mild-to-moderate intensity (Table 4) . One SAE was reported, a case of life-threatening respiratory distress in a patient in the high-dose cohort, which was not considered to be attributable to the study medication.
A total of 11 TEAEs that occurred in five (45.5%) patients in the low-dose cohort and 21 TEAEs that occurred in eight (66.7%) patients in the high-dose cohort were considered by the investigators to be drug related ( Table 4 ). The most commonly experienced drug-related TEAEs were headache (n ϭ 3 [13.0%]) and rash (n ϭ 3 [13.0%]). The majority of the drugrelated TEAEs in both cohorts were of mild-to-moderate intensity; no drug-related TEAE was considered life-threatening. More patients experienced drug-related TEAEs during the maintenance phase in the high-dose cohort (n ϭ 6 [54.5%]) than in the low-dose cohort (n ϭ 2 [25.0%]; Table 5 ). Comparatively few patients in each cohort experienced drug-related TEAEs during the loading-dose phase. Two patients in the lowdose cohort and two patients in the high-dose cohort discontinued the study due to TEAEs (Table 2) . (ii) Other safety outcomes. Postbaseline abnormalities in the liver function tests were experienced by patients in the high-dose cohort: one patient had alanine aminotransferase levels at Ͼ5 times the ULN, one patient had aspartate aminotransferase levels at Ͼ3 times the ULN, and one patient had alkaline phosphatase levels at Ͼ2 times the ULN. The study records did not capture whether these abnormalities were all experienced by one patient or by up to three different patients. No patients in the low-dose cohort experienced abnormal liver function tests. The changes from baseline in the laboratory and ECG (12-lead and Holter) parameters, vital signs, and physical examination findings were not clinically relevant and were consistent with the underlying disease of AML and associated neutropenia. QTc prolongation was not observed during isavuconazole therapy.
Efficacy. Overall, 18 of the 20 patients (90.0%) who completed the study were classified as a treatment success, six (75%) of whom were in the low-dose cohort and 12 (100%) of whom were in the high-dose cohort (P ϭ 0.147). Two patients in the low-dose cohort who completed the study had protocol-defined treatment failures due to a possible fungal infection (Table 2 ). Both patients discontinued isavuconazole prophylaxis and were treated with empirical caspofungin therapy. One patient was still considered a treatment failure at the final follow-up visit, while the second patient demonstrated no evidence of fungal infection based on further mycological investigation. There was no instance of probable or proven breakthrough fungal infection in either cohort during isavuconazole prophylaxis.
DISCUSSION
This is the first study to assess the PK, safety, and tolerability of isavuconazole for the prevention of fungal infections in patients with severe and prolonged neutropenia. In studies of healthy volunteers, isavuconazole has been shown to be well tolerated and to have a low clearance, large volume of distribution, high bioavailability, and long elimination half-life (20, 31) . The present study extends these data to provide PK parameters for two high-and low-dose regimens of i.v. isavuconazole. The interpatient variabilities for both C max and AUC 0 -24 on day 7 were low. In addition, there was no evidence to suggest that concomitant medication use influenced isavuconazole PK; however, a number of key medications, such as rifampin, were specifically excluded from this study, limiting conclusions on the possible interactions with these medications (data not shown).
Previously reported PK outcomes in healthy volunteers suggest that i.v. isavuconazole has predictable linear PK (31). In 
a Safety population (received Ն1 dose of study medication); AE severity defined by the Common Terminology Criteria for Adverse Events guidelines (30) . TEAE, treatmentemergent adverse event.
b Isavuconazole administered as a 200-mg once-daily maintenance regimen; no life-threatening TEAEs were reported in this cohort. c Isavuconazole administered as a 400-mg once-daily maintenance regimen; a single life-threatening TEAE of respiratory distress that was not drug related was reported in this cohort. d TEAEs were reported by Ͼ30% of patients in either cohort; each AE was counted only once at its most extreme severity in each patient. e TEAEs were reported by Ն2 patients in either cohort.
the current study, the 95% CIs of the ratios of isavuconazole dose-normalized geometric mean C max and AUC 0 -24 values were slightly outside the normal acceptance range. As a result, dose proportionality could not be conclusively determined in this study. This was possibly a consequence of the small sample size in this trial, and future studies with larger numbers of patients may demonstrate dose proportionality. None of the predefined safety criteria for preventing escalation to the higher-dose isavuconazole regimen were met. Moreover, there were no unexpected safety concerns during the higher-dose treatment. The number of patients who experienced drug-related TEAEs during maintenance treatment was higher in the high-dose cohort (55%) than in the low-dose cohort (25%). However, comparatively few patients experienced drug-related TEAEs during loading with isavuconazole at 1,600 mg (25%, high-dose cohort) or 800 mg (27%, low-dose cohort; 9%, high-dose cohort).
The monitoring of AEs showed that the majority of the drugrelated TEAEs were of mild-to-moderate severity, and rash and headache were the most commonly reported drug-related TEAEs. One patient in the high-dose group and two patients in the lowdose group discontinued treatment due to TEAEs of hypersensitivity, nausea, and dizziness ( Fig. 1) during administration of the loading doses; however, these reactions resolved after the termination of the infusions and administration of antihistamine treatment. In addition, there were no deaths, and the SAE reported was not related to isavuconazole treatment. Abnormal liver function tests were reported in up to three patients in the high-dose group. No QTc prolongation was observed during isavuconazole treatment.
In conclusion, the results of this exploratory study support the safety and tolerability of isavuconazole prophylaxis (in 200-mg and 400-mg once-daily maintenance regimens) in neutropenic patients with AML. Pharmacokinetic parameters were determined at both dose levels in this patient population. In addition, 18 of the 20 patients who completed the study were classified as a treatment success. In the completed and ongoing phase 3 trials (ClinicalTrials.gov registration numbers) in the primary treatment of invasive candidiasis (NCT00413218), invasive aspergillosis (NCT00412893 and NCT00634049), and emerging fungal pathogens (NCT00634049), the patients assigned to isavuconazole treatment received 200 mg of i.v. drug three times a day on days 1 and 2, followed by either 200 mg of i.v. or oral drug once daily from day 3 onwards. The results of these trials will provide more definitive information on the efficacy, safety, and tolerability of isavuconazole therapy in this patient population.
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